The small-angle scattering of amorphous and semicrystalline polymere contains an intensity component related to density fluctuations ( Fl ) within the crystalline and amorphous domains. A quantitative study of this parameter results in Information on the changes of thermal motion and disorder as a function of temperature, crystallinity and preferred orientation. Amorphous polymere show a change of slope of the Fl-T -curves at Tg. Above Tg the value of Fl corresponds to the relationship valid for a system in thermodynamic equilibrium, below Tg the Fl-T-curve tends towards a non-zero value at 0°K with decreasing slope. At very low temperatures the value of Fl can be considered a sum of the contributions from the "frozen-in" disorder and from phonons of long wave-length. Semicrystalline polymere show Fl-T -curves similar to those of amorphous polymere. At a given temperature Fl shows an approximately linear decrease with increasing crystallinity. Preferred orientation produces an anisotropy in the diffuse small-angle scattering related to the density fluctuations which can be interpreted in terms of an anisotropy of the phonon velocities. The temperature dependence of this anisotropy can be used to estimate the phononveloeitles involved.
INTRODUCTION
The fact that the scattering intensity extrapolated towards zero angle is proportional to the density fluctuations has been known for a long time ( Ref.1 ). For X-ray scattering, considering the electron density as the basic structural parameter, one obtains
(N) ( 1) 9-+ 0 where Ie. u. is the scattering in electron units, N the number of electrons in the irradiated volume and Flel the fluctuation of the electron density. If the sample is composed of NM identical partielas ( molecules) with ZM electrons per particle, the particle density fluctuation FlM is given by
It has been shown in an earlier paper ( Ref. 
if the reference volume vB in which the fluctuation of N is considered has to be taken explicitely into account. The existence of a limit in the sense of eq. ( 1) is equivalent to the existence of the limit
vB-+ oo It has been shown ( Ref 3, 4 5) that the paracrystalline disorder model of Hosemann and Bagchi (5) cannot be used for the Interpretation of homogenously disordered structures since the application of eq. ( 2) leads to fluctuation values which increase with vB.
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For one-component systems in thermodynamic equilibrium the particle density fiuctuation FlM is given by ( 4) where PM is the average particle density, k the Boltzmann constant; T the absolute temperature and "ZT the isothermal compressibility. Levelut and Guinier ( 6) where ( >w stands for the spherical average. ( 6) In the case of imperfect crystals or glasses the density fiuctuations should be higher than those of the equilibrium states due to the contribution of structural disorder.
EXPERIMENTAL
The dermination of the diffuse small-angle scattering in the limit e .... 0 according to eq. ( 1 ) involves an extrapolation of the intensity measured at moderately small angles ( 1° < e < 4° for Cu-radiation ) excluding the region at very small angles which contains the contribution of structural inhomogeneitles due to voids or impurities in the case of amorphaus samples and to the crystalline-amorphous superstructure in the case of semi-crystalline structures. It was found that log I-e2plots produced linear relationships for the liquids used as standard samples as well as for the polymers studied ( see Fig. 1 ) so that a reproducable extrapolat ion to e = oO was possible. This procedure represents essentially an extrapolation of the small-angle part of the "amorphaus halo" and the TDS-component of the crystalline i~terferences towards zero scattering angle. Since the intensity is, in general, very small in this region as compared to the wide-angle scattering in general as well as to the small-angle scattering due to the crystalline-amorphous superstructure, the possibility . of contributions from other scattering effects has to be checked very carefully. It was found that the main source of error is a contribution from multiple wide-angle scattering which can be eliminated by extrapolating the normalized intensity values measured at various sample thicknesses to zero thickness.
Normalization was achieved by measuring the diffuse small-angle scattering of water, ben'zene, cyclohexane and glycol, and computing the corresponding intensity in electron units with the help of eq. ( 1 ) and eq. ( 4 ). Figure 2 shows the temperature dependence of Flel for cyclohexane measured from 4°K to 300° K showing the discontinuity at the melting point as well as the phase transition at low temperatures. Lehmann ( 9 ) , for polystyrene the corresponding theoretical values using ae T values reported by the same authors are somewhat lower. In a temperature range from Tg down to about Tg-50°, the Fl -T -curves are roughly proportional to T. This behaviour has been explained by Wendorff and Fischer ( 10 ) on the basis of a theoretical treatment using non-equilibrium thermodynamics which results in a modification of eq. ( 4 ) in that the value of 'irT is taken as constant and equal to the value at Tg for temperatures below Tg· At lower temperatures Fl decreases gradually less rapidly with T and tends towards a non-zero value at 0° K. This value can be considered to represent the "frozen-in" disorder of the glassy polymer, the lncrease of Fl with increasing T can, at least at low temperatures, be explained by the contribution of long wave-length phonons to the thermal motion in this "frozen-in" diserdered structure. The magnitude of this contribution can be assessed, to a first approximation, by a relationship of the type of eq. ( 6 ) • In order to check the validity of this assumption, the longitudinal ultrasonic veloeitles ( 10 MHz ) at low temperatures reported by Salinger ( 11 ) , the longitudinal ultrasonic veloeitles ( 6 MHz ) at moderate temperatures reported by Lamberson, Asay and Guenther ( 12 ) and the Brillouin scattering data ('""' 10 GHz ) reported by Dietz and Wiggins ( 13 ) , by Brody and Lubell ( 14) and by Friedmann, Ritger arid Andrews ( 15 ) have been used to calculate the temperature dependent component of Fl according to eq. ( 6 ) and plotted together with the experimental data in figures 3 and 4. These data show that the assumption
m 1 appears tobe valid for nearly the whole temperature range below Tg· It is of interest to note that the values calculated from the ultrasound velocity a:t 6 MHz and the Brillouin scattering data corresponding to frequencies of about 10 GHz differ by only 2 % which indicates that the frequency dependence is, in this range of temperatures, negligible, and this justifies also the eomparison with values derived from X-ray seattering whieh -although the extrapolation to 0° seattering angle is equivalent to an extrapolation to zero frequeney -are nevertheless based on intensity measurements at seattering angles eorresponding to far higher frequeneies.
A further eomparison ean be earried out using the -ae T -values of Hellwege, Knappe and Lehmann ( 9 ) below Tg to ealeulate sound veloeity values aeeording to the relationship 1 1+_1_ 'X G 3 ( 8) where G is the shear modulus. If the latter is takenfrom the transversal uHrasonie veloeitles reported by Lamberson, A say and Quenther ( 12 ) , a series of Fl-values ean be ealculated for temperatures at and below Tg whieh should eorrespond to the eontribution ofthermal motion to Fl. At lower temperatures these values are slightly higher than the values ealeulated from ultrasound veloeitles probably due to the faet that 'ZT has been used instead of -:es required for eq. ( 8 ) . The steep inerease of these values at Tg ean be taken as an indieation that, at the glass temperature, a density fluetuation eomposed of a eomponent due to thermal motion and a eomponent due to "frozen-in" disorder ehanges to a density fluetuation entirely due tothermal motion. This ehange does, however, not involve a ehange of the total density fluetuation but only a ehange in the slope of the Fl-T -eurve. Comparing figures 2, 3 and 4, the differenee between glass transition and erystallization ean be demonstrated in the sehematie Fl-T-eurves shown in figure 5 .
Fig. 5. Sehematie Fl-T -plots for erystallization ( A ) and glass transition ( B ) .
At the me lting point, both the total value of Fl and the phonon eontribution inerease diseontinously, whereas at Tg, only the phonon eontribution inereases diseontinously, the total value of Fl does not ehange due to a eompensating deerease of the eontribution due to the "frozen-in" disorder.
SEMICRYSTALLINE POLYMERS
In the ease of semierystalline polymers there exists, in general, a small-angle seattering due to the superstrueture eomposed of erystalline and amorphous domains with an intensity several orders of magnitude higher than that due to the density fluetuations within the erystalline and amorphous domains. · The small-angle seattering of the superstrueture deereases, however, very rapidly with inereasing angle so that it ean be separated easily from the slowly inereasing intensity of the seattering due to the density flti.etuations by a proper ehoiee of the angular region in whieh the intensity is measured ( Ref. 7 ) . Figure 6 shows Flel values measured for a series of polyethylene samples as a funetion of the erystallinity for various temperatures ineluding values for 0° K obtained by extrapolation. For a given temperature the Fl values deerease linearly with inereasing erystallinity whieh ean be interpreted by a relationship of the type
where Xa and Xe are the fraetions of amorphous and eryställine matter, respeetively. This indieates that the density fluetuations in the erystalline and amorphous regions ean be eonsidered mutually Independent. Eq. ( 9 ) permits thus an extrapolation towards xe = 1 and xa = 1 whieh results in the determination of Fle and Fla for various temperatures. The curves are very similar to the ones obtained for the amorphous polymers except for the rapid increase at temperatures approaching the melting polnt whlch are due to the decrease of the crystallinity in the melting region. -All curves show a change of slope around 300°K comparable tothat observed at Tg in the case of the amorphous samples. Making proper corrections for the fact that Fl 0 is not zero at 0°K, one obtains a linear relationship of these apparent Tg values ( called T 2 in the following) with x 0 as can be seen in figure 8 . Another transition temperature can be defined, although less neatly, at the change of slope marking the limit between an Fl -T -relationship according to eq. ( 7 ) and the region in which the approximation
proposed by Wendorffand Fischer ( 10) is valid for the amorphous regions. This temperature, called T 1 , does not change with crystallinlty, as can be seen in figure 8 , and corresponds rather well to the "lower Tg 11 of PE defined by Boyer ( 17 ) , whereas T2 is about 60° higher than the "upper Tg" defined by the same author, although its increase with crystallinity is similar.
,,
•er Figure 9 shows the Fl-T-curve of polypropylene sample with a czy stallinity of 60% in which the cha:nge of slope at T 1 = 260°K and T 2 = 300°K is clearly visible. One obseiVes a decrease of the'avera.ge value as well as of the anisotropy of this intensity with decreasing temperature. The values extrapolated to 0°K lndicate that no anisotropy ls present in the scattering due to the "frozen-in" disorder although both the crystalline and the amorphous domains show a marked preferred orientation. This can only mean that the disorder in these domains is Isotropie. Subtraction of the intensity extrapolated to 0°K from the intensity as a function of cp measured at higher temperatures results in the determination of the direction dependent v1 values for long-wavelength phonons which are plotted in figure 12 . Unfortunately, no ultrasonic or Brillouin scattering measurements are, at present, available to compair these results. One can expect however that such measurements will be of particular interest in the case of high modulus samples.
